We have previously demonstrated that leptin-mediated activation of the CNS melanocortin system reduces appetite and increases sympathetic activity and blood pressure (BP). In the present study we examined whether endogenous melanocortin system activation, independent of leptin's actions, contributes to the regulation of BP and metabolic functions in obese Zucker rats which have mutated leptin receptors. The longterm cardiovascular and metabolic effects of central melanocortin-3/4 receptor (MC3/4R) antagonism with SHU-9119 were assessed in lean (n=6) and obese (n=8) Zucker rats. BP and heart rate (HR) were measured 24-hrs/day by telemetry and an intracerebroventricular (ICV) cannula was placed in the brain lateral ventricle. After stable control measurements, SHU-9119 was infused ICV (1 nmol/h) for 10 days followed by a 10-day recovery period. Chronic CNS MC3/4R antagonism significantly increased food intake and body weight in lean (20±1 to 45±2 g and 373±11 to 432±14 g) and obese (25±2 to 35±2 g and 547±10 to 604±11 g) rats. No significant changes were observed in plasma glucose levels in lean or obese rats while plasma leptin and insulin levels markedly increased in lean Zucker rats during CNS MC3/4R antagonism. Chronic SHU-9119 infusion in obese Zucker rats reduced mean arterial pressure (MAP) and HR by 6±1 mmHg and 24±5 bpm, whereas in lean rats SHU-9119 infusion reduced HR by 31±9 bpm while causing only a transient decrease in MAP. These results suggest that in obese Zucker rats the CNS melanocortin system contributes to elevated BP independent of leptin receptor activation.
INTRODUCTION
The leptin-melanocortin system plays an important role in regulating energy balance and body weight by controlling appetite and energy expenditure (1, 3, 12, 13) . This system also controls blood pressure (BP) and heart rate (HR) by increasing sympathetic nervous system (SNS) activity to various organs and tissues (1, 3, 8, 12, 14, 15, 18) .
Although the mechanisms implicated in the regulation of energy homeostasis and cardiovascular function by the leptin-melanocortin pathway are still not fully understood, strong evidence indicates that leptin-mediated activation of proopiomelanocortin (POMC) neurons leads to release of α-melanocyte stimulating hormone (α-MSH) and subsequent stimulation of melanocortin 3 and 4 receptors (MC3/4R) in several brain regions that regulate appetite and SNS activity (27) (28) (29) .
We and others have demonstrated that the CNS leptin-melanocortin system may also be an important link between obesity, increased SNS activity and hypertension (8, 12, 18, 20, 25, 27, 28) . For instance, leptin deficient ob/ob mice are markedly obese but exhibit similar, or even lower, BP compared to lean control littermates and wild-type mice (21) . Leptin deficiency in humans is also not associated with elevated BP despite morbid obesity and these individuals exhibit impaired SNS and renin-angiotensin system activation to various stimuli (14, 15) . These observations support a potential role for leptin in the regulation of SNS activity and in obesity-induced hypertension.
The Zucker fatty rat is obese due to a mutation in the long-form of the leptin receptor which causes hyperphagia and reduced energy expenditure. Despite the absence of a functional leptin receptor, the Zucker fatty rat appears to have normal or even increased SNS activity, and develops hypertension during adulthood (2, 7, 24) . One potential factor that could contribute to the development of hypertension in this model, despite lack of functional leptin receptors, is leptin-independent activation of the CNS melanocortin system. We have demonstrated that the CNS melanocortin system is downstream of the leptin-induced cascade of events leading to increases in SNS activity and BP. For example, pharmacologic antagonism of the melanocortin 3 and 4 receptors (MC3/4R) completely blocked leptin's ability to raise BP in lean Sprague-Dawley rats (8) . In addition, MC4R knockout mice are markedly obese, hyperleptinemic and hyperinsulinemic but do not develop hypertension, even at old age, and have no increase in BP during chronic leptin infusion (9, 27) . The role of the melanocortin system in mediating the hypertensive actions of leptin is also evident in humans with MC4R mutation who, like humans with leptin deficiency, exhibit early onset morbid obesity but lower prevalence of hypertension than obese control subjects (11) .
Whether the CNS melanocortin system may contribute to BP regulation independent of leptin activation is still unclear. Therefore, the main goal of the present study was to determine whether leptin-independent activation of the CNS MC3/4R contributes to regulation of BP and metabolic functions in obese Zucker rats which have non-functional leptin receptors. Our results suggest a differential control of appetite and cardiovascular function by the CNS MC3/4R in lean compared to obese Zucker rats, and that the CNS melanocortin system may contribute to the elevated BP in obese Zucker rats.
METHODS

Animal Surgeries
The experimental procedures and protocols of this study conform to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of the University of Mississippi Medical Center.
Blood pressure telemetry probe implantation: Male lean (n=6) and obese (n=8)
Zucker rats (Harlan Sprague-Dawley, Inc, Indianapolis, IN) at 12 weeks of age were anesthetized with isoflurane (1.5%) and atropine sulfate (0.37 mg/kg) was administered to prevent excessive airways secretion. A telemetric pressure transmitter device (Model TA11PAC-40, Data Sciences International, MN) was implanted into the abdominal aorta distal to the kidneys under sterile surgical conditions as previously described (8, 9) . The catheter was fixed in the aorta with a small drop of cyanoacrylate adhesive and the transmitter was secured to the abdominal wall by sutures. Mean daily 24-hr BP data was derived from the average BP measured by bursts of 10 seconds every 10 minutes using the software (Dataquest 4.0) provided by the manufacturer.
Intracerebroventricular (ICV) cannulation.
After telemetry probe implantation, a stainless steel cannula (26 gauge, 10 mm long) was implanted into the right lateral cerebral ventricle using coordinates as previously described (8, 9) . The guide cannula was anchored into place with 2 stainless steel machine screws, a metal cap, and dental acrylic, and a stylet was inserted to seal the cannula to keep it from becoming clogged. During stereotaxic manipulation, anesthesia was maintained with 0.5 -1.5 % isofluorane. Several days after recovery from surgery, accuracy of the cannula placement was tested by measuring the dipsogenic response (immediate drinking of at least 5 ml of water in 10 minutes) to an ICV injection of 100 ng of angiotensin II. After the experiment, the animals were killed and the brains removed, sectioned and stained with cresyl violet to confirm the placement of the cannula in the right lateral ventricle.
After the surgical procedures, rats were housed individually in metabolic cages for determination of daily food consumption. Rats were provided a normal sodium diet (0.5 mmol sodium/g food, Harlan Teklad Diet #170955). The rats were allowed to recover for 10-12 days before control measurements were initiated and then we began monitoring food intake, body weight, BP and HR.
Experimental Protocol
MAP, HR and food intake were recorded daily. After a 5-day control period, the MC3/4R antagonist SHU-9119 was infused ICV (1 nmol/hr, 0.5 μl/hr) for 10 consecutive days via osmotic minipump (model 2002, Durect Corp.). Under isoflurane anesthesia, the minipump was implanted subcutaneously in the scapular region and connected to the ICV cannula using tygon tubing (Cole Parmer). The rate of SHU-9119 infusion was based on our previous studies showing that this dose effectively blocks MC3/4R and increases food intake and promotes weight gain (8, 9, 18) . On the last day of ICV SHU-9119 infusion, the cannula connecting the minipump with the ICV cannula was severed and the rats were followed for an additional 10-day post-treatment period. Fasting blood samples (250 μL) were obtained via a tail snip once during the control period, on day 10 of SHU-9119 infusion and on day 5 of post-treatment period for determination of plasma glucose, insulin, and leptin levels. To examine the BP variability, frequency distribution of systolic BP, measured by telemetry 24 hrs/day, was performed for the 5-day control period and during the last 5 days of SHU-9119 infusion.
Spontaneous baroreflex sensitivity (BRS)
Spontaneous baroreflex sensitivity (BRS) was determined once during control, on the last day of SHU-9119 infusion and on the last day of post-treatment period. BRS was and their square-coherence modulus were computed if the coherence was greater than 0.75. The square roots of the ratio of RRI and SAP powers were computed to calculate LF and HF components which LF is a marker of sympathetic tone to the heart and BP whereas HF component reflects parasympathetic tone to the heart and the influence of respiratory rhythm on BP. Power of RRI and SAP spectra in the LF and HF range were calculated in normalized units (nu) for each frequency.
Analytical Methods
Plasma leptin and insulin concentrations were measured using ELISA kits (R&D Systems and Crystal Chem Inc., respectively). Plasma glucose concentrations were determined using the glucose oxidation method (Beckman glucose analyzer 2).
Statistical Methods
The results are expressed as means ± SEM. The data were analyzed by paired t test or 1-way ANOVA with repeated measures followed by Dunnett's post hoc test for comparisons between control and experimental values within each group when appropriate. Comparisons between different groups were made by 2-way ANOVA followed by Bonferroni's post hoc test when appropriate. Statistical significance was accepted at a level of P<0.05.
RESULTS
Food and body weight responses to chronic MC3/4R antagonism
In lean Zucker rats, chronic antagonism of the MC3/4R for 10 consecutive days markedly increased appetite, with food intake more than doubling by the end of the 10-day MC3/4R blockade period ( Figure 1A ). This increase in food intake was associated with a 22% increase in body weight ( Figure 2 ). In obese Zucker rats, however, MC3/4R antagonism transiently reduced food intake and this was followed by a 35% increase in food consumption ( Figure 1A ) and modest, but significant, weight gain (8% increase in body weight, Figure 2 ). The greater effect of MC3/4R antagonism on food intake in lean compared to obese Zucker rats is even more evident when analyzing the net cumulative increase in food intake during the 10 days of MC3/4R antagonist infusion ( Figure 1B ).
After stopping the infusion of the MC3/4R antagonist, SHU-9119, food intake gradually decreased and returned all the way back to baseline values in lean Zucker rats by day 4 of recovery period whereas it took 2 additional days for food intake to return to baseline values in obese rats ( Figure 1A ).
MAP and HR responses to chronic MC3/4R antagonism
Baseline MAP was higher in obese (111 ± 1 mmHg) compared to lean (100 ± 1 mmHg) Zucker rats ( Figure 3 ). MC3/4R antagonism reduced MAP in lean and obese rats but the decrease in BP was transient in lean rats (days 2 and 3 of SHU-9119 infusion) and was not significantly different than control after 4 days of SHU-9119 infusion. In contrast, SHU-9119 caused a slow, gradual decrease in BP in obese Zucker rats that reached significance on day 6 and was sustained until infusion of SHU-9119 was stopped ( Figures 3A and B) . The more pronounced chronic effect of MC4R antagonism to reduce BP in obese compared to lean Zucker rats is more evident when analyzing the total area under the curve (AUC) of BP during SHU-9119 infusion ( Figure 3C ) which was approximately 78% greater in obese compared to lean Zucker rats.
Baseline HR was higher in lean than in obese Zucker rats and the reduction in HR during SHU-9119 infusion was more pronounced in lean rats ( Figures 4A and B) . This is also more evident when looking at the AUC of HR during SHU-9119 infusion which was 248% larger in lean compared to obese Zucker rats ( Figure 4C ). After stopping the infusion of the MC3/4R antagonist, HR gradually increased and returned to baseline values in both groups but it returned faster in lean rats than in obese Zucker rats which required almost 10 days for HR to fully return to baseline values ( Figure 4A and B).
We also observed that the systolic BP frequency distribution was slightly shifted to the right in obese compared to lean Zucker rats highlighting their elevated baseline BP.
However, the overall frequency distribution of BP was not different between groups ( Figure 3D ).
Chronic effect of MC3/4R antagonism on spontaneous BRS and power spectral analysis of systolic arterial pressure and RR interval oscillations
To assess the impact of MC3/4R antagonism on reflex control of cardiovascular function in lean and obese Zucker rats, we measured spontaneous baroreflex sensitivity (BRS) using the sequence method. Spontaneous BRS was analyzed by time domain during control, day 10 of the MC3/4R antagonist infusion, and during the recovery posttreatment period (Table 1) . Chronic SHU-9119 infusion for 10 consecutive days did not significantly alter baroreflex function in lean or obese Zucker rats.
Spectral analyses data of HR and BP oscillations between 0.2 -0.7 Hz (low frequency region, LF) were used to assess sympathetic modulation whereas oscillations of HR in the high frequency (HF) region, between 0.7 -2.0 Hz were used to assess parasympathetic tone. At baseline, the HF range of HR, reflecting the parasympathetic tone to the heart, was slightly higher in obese compared to lean Zucker rats, although the difference did not reach statistical significance (Table 2) . Chronic MC3/4R blockade significantly increased the HF component in both lean and obese Zucker rats (Table 2) .
Chronic MC3/4R antagonism reduced the LF component of systolic blood pressure by 37% in obese Zucker rats whereas no significant changes were observe in lean Zucker rats ( Table 2) .
Plasma glucose, insulin and leptin responses to chronic MC3/4R antagonism
Chronic MC3/4R antagonism did not significantly alter plasma glucose levels in lean (97 ± 4 to 103 ± 6 mg/dl) or obese (111 ± 3 to 101 ± 6 mg/dl) Zucker rats. At baseline, obese Zucker rats exhibited significantly higher plasma levels of leptin (41 ± 3 vs 6 ± 1 ng/ml) and insulin (139 ± 14 vs 27 ± 4 µU/ml) compared to lean rats. Chronic MC3/4R antagonism increased plasma leptin and insulin levels in lean (from 6 ± 1 to 24 ± 2 ng/ml and 27 ± 4 to 69 ± 9 µU/ml, p<0.05)) and in obese Zucker rats (from 41 ± 3 to 51 ± 2 ng/ml and 139 ± 14 to 177 ± 27 µU/ml, p<0.05). These results suggest that inhibition of MC3/4R was associated with development of insulin resistance in lean
Zucker rats and further impaired insulin sensitivity in obese Zucker rats. The 4-fold increase in plasma leptin levels observed in lean rats was likely caused by the marked weight gain in this group during MC3/4R blockade, whereas the modest, but significant, increases in leptin levels in obese Zucker rats were also proportional to the less pronounced weight gain in this group.
DISCUSSION
In the present study we demonstrated that chronic blockade of the CNS MC3/4R
markedly increased appetite and promoted weight gain in lean and obese Zucker rats, while at the same time causing sustained reductions in HR. Although the hyperphagia, weight gain, and the bradycardia associated with MC3/4R antagonism were more pronounced in lean compared to obese Zucker rats, chronic CNS MC3/4R blockade caused sustained reduction in BP only in obese Zucker rats, suggesting that the CNS melanocortin system may contribute to the elevated BP in obese Zucker rats.
Our results also indicate that the CNS melanocortin pathway is active in obese We also observed that chronic MC3/4R antagonism caused a 4-fold increase in fasting plasma leptin and a 2.5-fold increase in insulin levels in lean Zucker rats. These results, together with the observations that MC3/4R blockade caused a greater bradycardia in lean rats while causing a sustained decrease in BP only in obese Zucker rats, suggest a differential control of appetite, BP and HR by the CNS MC3/4R in lean compared to obese Zucker rats.
Metabolic and hormonal effects of chronic MC3/4R antagonism
As reported in previous studies in lean rats (8, 18) , chronic central MC3/4R
antagonism with SHU-9119 more than doubled food intake during the 10-day period of treatment in lean Zucker rats, resulting in rapid weight gain. In obese rats, chronic MC3/4R antagonism also increased food intake, but to a much lesser extent and this was preceded during the first few days of treatment by a transient reduction in food intake.
Another difference in the appetite response to SHU-9119 between lean and obese Zucker rats is that food intake continued to be elevated compared to baseline values in obese
Zucker rats for at least 6 days after cessation of SHU-9119 infusion, while food intake Chronic MC3/4R antagonism also caused significant increases in plasma insulin and leptin levels which paralleled the degree of hyperphagia and weight gain caused by MC3/4R antagonism in lean and obese Zucker rats. Previous acute studies suggest that the CNS melanocortin system may modulate insulin sensitivity and glucose uptake by peripheral tissues independent of its effects on appetite and body weight homeostasis (10, 18, 19, 22) . However, we demonstrated in a previous study that preventing the hyperphagia and weight gain caused by chronic MC3/4R antagonism completely prevented the hyperinsulinemia and insulin resistance associated with MC3/4R inhibition (18) . These observations suggest that the majority of the chronic metabolic effects observed during MC3/4R blockade in lean and obese Zucker rats are due to hyperphagia and weight gain.
Cardiovascular responses to chronic MC3/4R antagonism
Our finding that blockade of the CNS MC3/4R caused a sustained fall in BP in obese Zucker rats, as evidenced by a larger area under the curve of the fall in BP during SHU-9119 infusion, but failed to cause a sustained lowering of BP in lean Zucker rats suggests that the central melanocortin system plays a role in the maintenance of high BP in obese Zucker rats and that this effect is independent of leptin receptor activation.
However, blockade of MC4R did cause a transient decrease in BP in lean Zucker rats.
One potential explanation for the failure of MC4R antagonism to cause a sustained BP reduction in lean rats is that compensatory mechanisms that oppose the BP lowering effects of MC3/4R antagonism may be more potent in lean than in obese rats. In addition, the hyperphagia and weight gain in lean Zucker rats were more pronounced and may also contribute to buffering the BP effects of SHU-9119.
Since chronic MC3/4R antagonism reduced the average HR to a greater extent in lean than obese Zucker rats over the 10-day infusion period, as shown in Figure 4 , the CNS mechanisms involved in mediating the larger BP response in obese rats are likely different from those involved in HR regulation. We previously showed that only a modest portion of the bradycardia observed during MC3/4R antagonism in spontaneous hypertensive rats was due to suppression of SNS activity to the heart (7). Furthermore, MC4R expression is abundant in the dorsal motor nucleus of the vagus (26, 29) and other brainstem areas that not only regulate SNS activity but also parasympathetic activity (20, 26, 28) , suggesting that at least part of the bradycardia caused by chronic MC3/4R
inhibition may be also due to increased parasympathetic activity to the heart; this possibility is supported by our spectral analyses data showing higher HF component of HR oscillations, reflecting increased parasympathetic tone to the heart, during chronic MC3/4R antagonism. It is important to note however, that although overall reduction in HR was greater in lean rats, MC3/4R antagonism caused a gradual fall in HR in obese rats that reached the same magnitude observed in lean rats by day 9 of treatment. Thus, our results suggest that the melanocortin pathway is active in obese Zucker rats via mechanisms independent of leptin. However, further experiments are needed to examine other CNS pathway involved in the activation of the melanocortin system in obesity.
Previous studies have shown that obese Zucker rats have impaired baroreflexes at 13 weeks of age and normal SNS activity at 7-8 weeks of age (24) . In addition, impaired baroreflex sensitivity was found when examined by changes in BP and HR using vasoactive drugs (i.e. Oxford method) in Zucker rats which also could be responsible for the increased blood pressure in obese Zucker rats (5) . In the present study we found that chronic MC3/4R antagonism did not alter baroreflex sensitivity in lean or obese rats. In our study, however, baroreflex sensitivity was assessed by spontaneous increases and decreases in BP with parallel changes in HR under physiological condition, without changing BP using vasoactive drugs. One limitation of the sequence method is that the limited range of fluctuations in systolic blood pressure and heart rate in resting condition (daytime for rodents) and moment-to-moment variability could underestimate the measure of baroreflex sensitivity. Therefore, it is possible that the method used was not sensitive enough to find a difference in baroreceptor sensitivity in our study. However, the sequence method has been shown to correlate with the baroreflex sensitivity evaluated by use of phenylephrine in humans (23) , and the fact that we did not observe differences in the frequency distribution of BP in lean and obese rats also supports our finding that BRS is not impaired in lean and obese Zucker rats during SHU-9119
infusion.
The reduction in HR in lean and obese Zucker rats and the sustained fall in MAP in obese rats during chronic MC3/4R blockade occurred despite the increase in food intake and body weight in both groups, which normally would be expected to elevate HR and MAP. This suggests that blockade of the CNS MC3/4R blunted the usual effect of weight gain to cause elevations in BP and HR.
Taken together, these findings indicate that blockade of the CNS melanocortin pathway have a different impact on appetite, HR and BP regulation in lean compared to obese Zucker rats. Although our data support previous studies showing greater endogenous melanocortin tone in lean compared to obese Zucker rats, our results also suggest that the CNS melanocortin system contributes to the elevated BP in obese Zucker rats, even in the absence of leptin receptor activation, and may be an important mechanism contributing to elevations in arterial pressure in obesity. 
PERSPECTIVES
